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We present a direct measurement of the spatiotemporal coherence of parametric down-conversion in the
range of negative group-velocity dispersion. In this case, the frequency-angular spectra are ring-shaped and
temporal coherence is coupled to spatial coherence. Correspondingly, the lack of coherence due to spatial
displacement can be compensated with the introduction of time delay. We show a simple technique, based
on a modified Mach-Zehnder interferometer, which allowed us to measure time coherence and near-field
space coherence simultaneously, with complete control of both variables. This technique will be also suitable
for the measurement of second-order coherence, where the main applications are related to the two-photon
spectroscopy.
Coherence is an important characteristic of light
sources, including the ones producing non-classical
light [1–3]. First-order coherence of a source of light
is usually measured in an interferometer, by splitting
the field in two (or more) parts and then overlapping
the fields again, after a spatial displacement or tem-
poral delay introduced between them.
The quantitative description of coherence is given
by the first-order correlation function (CF) [4, 5],
G(1)(t1, t2, r1, r2) = 〈E∗(t1, r1)E(t2, r2)〉, (1)
where E(ti, ri) is the electric field at point ri and
time ti, i = 1, 2.
When the field is spatially uniform and stationary,
the first-order CF depends only on the time delay
and space displacement but not on the absolute val-
ues of time and space: G(1)(t1, t2, r1, r2) = G
(1)(τ, ξ),
where τ = t1 − t2 and ξ = r1 − r2 are the time delay
and space shift between the two fields. The standard
way to measure the first-order CF in space and time
is by using, respectively, the Young and Michelson
interferometers [2].
Temporal and spatial first-order correlation func-
tions are related, respectively, to the frequency spec-
trum S(ω) and the transverse wavevector spectrum
S(k) through Fourier transforms. These relations
are known as the Wiener-Khinchine and van Cittert-
Zernike theorems [2]. Usually, the frequency – trans-
verse wavevector spectrum is factorable, S(ω, k) =
S1(ω)S2(k), which means that there is no coupling
between temporal and spatial coherence and they
can be studied separately. However, uncoupled spa-
tiotemporal coherence is not always the case. Indeed,
it has been demonstrated that the radiation pro-
duced through parametric down-conversion (PDC)
has a non-factorable frequency-wavevector spectrum
S(ω, k) 6= S1(ω)S2(k) [6, 7]. This leads to coupled
spatiotemporal coherence described by the general-
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ization of the Wiener-Khinchin theorem, relating the
first-order space-time correlation function with the
frequency – transverse wavevector spectrum [8,9]:
G(1)(τ, ξ) =
∫ ∫
S(ω, k)eikξ−iωτdτdξ. (2)
This property was reported experimentally for PDC
in the range of positive group-velocity dispersion
(GVD) [6], where the coupling between temporal and
spatial coherence appears due to the ‘X-shaped’ fre-
quency – transverse wavevector spectrum. The inter-
esting consequence of the coupling between spatial
and temporal coherence is that the reduction of co-
herence due to the spatial displacement can be com-
pensated by the temporal delay and vice versa, which
has been indeed demonstrated in Ref. [9]. How-
ever, the exact shape of G(1)(τ, ξ) was not measured.
Meanwhile, in the range of negative GVD ( d
2k
dω2 < 0),
the frequency-wavevector spectrum is very different.
It becomes ring-shaped in the noncollinear nonde-
generate case and spot-shaped in the collinear degen-
erate case [10, 11]. Accordingly, coupled spatiotem-
poral coherence should be observed in this case as
well, but the CF should be different. In particular,
for a ring-shaped spectrum there is no collinear or
degenerate emission. This feature should lead to a
narrower first-order CF than in the X-shape case. In
turn, the second-order CF should be also narrower in
this case, which suggests very high spatial and tem-
poral resolution in two-photon spectroscopy [11–14].
In this work we directly measure the spatiotempo-
ral first-order CF G(1)(τ, ξ) for PDC in the negative
GVD range. To this end, we develop a practical
technique for measuring time and near-field space
variables simultaneously. The measurement reveals
coupled spatiotemporal coherence with typical co-
herence time on the order of femtoseconds and co-
herence radius on the order of micrometers. The
same technique will be valid for the measurement
of the second-order CF, with applications related to
two-photon absorption spectroscopy [14–16].
The frequency-wavevector spectrum of both high-
gain and low-gain PDC can be calculated from
the longitudinal phase mismatch ∆k(ω, k) using the
Figure 1: Calculated spectra S(ω, k) for PDC in
a type-I BBO crystal pumped at 800 nm in (a)
collinear degenerate (spot-shaped) and (b) non-
collinear nondegenerate (ring-shaped) cases.
equation [7, 17,18]
S(ω, k) =
(
G
G(ω, k) sinhG(ω, k)
)2
, (3)
where
G(ω, k) =
√
G2 − (∆k(ω, k)L)
2
4
(4)
is the parametric gain and G is proportional to the
effective second-order susceptibility and the pump
field amplitude. Equation 3 was used to calculate the
PDC spectra in the range of negative GVD (Fig. 1).
For the calculation we assumed that PDC is pumped
at 800 nm and the crystal is a 10 mm β-barium-
borate (BBO) cut for type-I phase matching. In
the collinear frequency-degenerate case, the spec-
trum S(ω, k) looks like a round spot as shown in
Fig. 1 (a). It is broadband because the degenerate
wavelength 1600 nm is close to zero-dispersion wave-
length [10].
When the configuration changes to the
noncollinear-nondegenerate one, the spectrum
becomes nonfactorable and has a typical ring-like
shape (Fig. 1 (b)). The size of the ring depends
on the crystal orientation, i.e., the angle between
its optic axis and the pump, and can be made very
large. According to Eq. 2, in this case one can expect
a non-factorable first-order CF with coherence time
on the order of a few femtoseconds and coherence
radius on the order of a few micrometers.
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The experimental setup for the CF measurement
is shown in Fig. 2. It is based on a modified Mach-
Zehnder interferometer, enabling both a time delay
and a space displacement between the two arms. To
pump PDC, we used an amplified Ti-sapphire laser
at 800 nm with a 1 W mean power, 1.6 ps pulse du-
ration and 5 kHz repetition rate. The beam size
was reduced by a two-lens telescope, L1 and L2,
to a waist of 600µm. Type-I PDC was generated
in an L = 10 mm BBO crystal. The paramet-
ric gain at zero phase mismatch was G = 6. For
the pump incident at 19.87o to the optic axis, exact
phase matching was satisfied for collinear frequency-
degenerate PDC. The optic axis was in the y-z plane;
the pump beam was polarized along the y-direction
(extraordinarily), as shown by a dot, while the down-
converted radiation, along the x-direction (ordinar-
ily), as shown by an arrow. For avoiding the spa-
tial walk-off effects in the spectrum [19], all mea-
surements were made with a 1.6 mm slit along the
x-direction placed in the Fourier plane of the lens
L3 with focal length 20 cm. This reduced the an-
gular spectra to one-dimensional, in the plane free
from the walk-off. The pump was rejected using a
dichroic mirror DM, and the down-converted beam
was sent to the interferometer.
Figure 2: Experimental setup for measuring the first-
order correlation function. Time delay is introduced
with the retroreflector R1 and the space shift, with
the beam splitter BS2.
The inset of Fig. 2 shows the experimen-
tal wavelength-angular spectra S(λ, θext) for the
collinear degenerate (a) and noncollinear nonde-
generate (b) cases. The angles θext are external,
i.e., measured outside of the crystal, and are re-
lated to the transverse wavevector k as θext =
kλ/(2pi). These spectra correspond to the theoretical
frequency-wavevector distributions S(ω, k) shown in
Fig. 1. The spectra were measured the same way as
in Ref. [11]: by scanning in the far field the tip of
a multimode fiber connected to a spectrometer, and
recording the spectrum for each position of the fiber.
The spectra correspond to the crystal orientation of
19.87o (left) and 19.94o (right).
The PDC beam was fed into the interferometer,
consisting of two thin 50 : 50 beam splitters BS1,
BS2 and two retroreflectors R1, R2. The time de-
lay was varied by moving retroreflector R1 and the
space displacement, by shifting the second beam
splitter BS2. After the interferometer, the PDC
beam passed through additional filters to remove
the residual pump radiation, and was registered by
a home-made infrared detector. The detector was
based on an InGaAs PIN photodiode with a pho-
tosensitive area of 0.3 mm and a cutoff wavelength
of 2.1µm, which allowed us to measure the correla-
tion properties without cutting the spectrum. For
measuring the CF in the near field, we projected the
output face of the crystal on the detector with lens
L3, placed at a distance of 43.5 ± 0.1 cm from the
BBO crystal. The resulting image had a magnifica-
tion of 6.6.
The absolute value of the normalized first-order
CF g(1)(τ, ξ) ≡ G(1)(τ, ξ)/I, with I standing for the
mean intensity, was measured as the interference vis-
ibility [20]. The latter was found by measuring the
intensity at the output of the interferometer with the
detector, whose sensitive area was small enough not
to average over the interference fringes.
First, we measured the output intensity versus the
time delay in the interferometer, with no space shift
(BS2 fixed at the position of perfect alignment).
The result is plotted in Fig. 3. The trace shows
pronounced interference fringes, their period corre-
sponding exactly to the degenerate wavelength 1600
nm. The absolute value of normalized first-order CF
|g(1)(τ)| was found as the visibility of this interfer-
ence pattern.
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Figure 3: The detector signal measured versus the
time delay in the interferometer. The crystal orien-
tation is 19.94o. The fringe period corresponds to
the wavelength 1600 nm.
To perform the measurement of |g(1)(τ, ξ)|, the
temporal delay and spatial displacement in the inter-
ferometer should be varied independently. Although
the displacement of beamsplitter BS2 introduces at
the same time a temporal delay, this could be taken
into account. To this end, we moved BS2 in steps of
40µm, and for each position the retroreflector R1 was
scanned with an automated translation stage. Each
time, a profile as shown in Fig. 3 was measured, and
shifted with respect to τ depending on the BS2 po-
sition. Consequently applying this method, we were
able to build the 2-D plot of |g(1)(τ, ξ)| in time and
space, as shown in Fig. 4. The measurements of
|g(1)(τ, ξ)| were performed for three crystal orienta-
tions, corresponding to the collinear degenerate and
two noncollinear nondegenerate cases of PDC.
In Fig. 4, the left panels show the calculated
plots of |g(1)(τ, ξ)|, whereas the right panels present
the corresponding measured distributions. For the
collinear degenerate case we use the crystal orienta-
tion 19.87o (a,b) and for the noncollinear nondegen-
erate case, 19.90o (c,d) and 19.94o (e,f). The peak
at the center of all distributions indicates the trivial
case of τ = 0 and ξ = 0, where high coherence is
evidenced. Experimentally, the visibility achieved is
higher than the 80% for all the cases, which is good
Figure 4: Calculated (a,c,e) and measured (b,d,f)
distributions of |g(1)(τ, ξ)| for the collinear degen-
erate (a,b) and noncollinear nondegenerate (c,d,e,f)
PDC. The crystal orientations are 19.87o (a,b),
19.90o (c,d) and 19.94o (e,f).
enough for the observation of the coupled coherence
exhibited in the weaker rings surrounding the central
peak. For these rings, the lack of spatial coherence
can be obviously compensated by the temporal delay
and vice versa.
Figure 5 shows one-dimensional profiles of
|g(1)(τ, ξ)| from Fig. 4 (f): (a) as a function of ξ with
fixed τ = 0 and (b) as a function of τ with fixed
ξ = 0. The full widths at half maximum (FWHM)
in these plots correspond to the coherence radius ξc
and coherence time τc, respectively. The obtained
values are ξc = 38 ± 7µm and τc = 16 ± 2 fs, in
good agreement with the theoretical numbers (see
Table 1, where the experimental and theoretical co-
herence parameters are listed for all three studied
orientations of the crystal).
From Table 1 we see that the coherence time and
radius strongly depend on the crystal orientation.
In particular, in the most noncollinear nondegener-
ate regime (large ring-shaped spectrum) the short-
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Figure 5: Experimental (blue) and calculated (red)
one-dimensional ‘cuts’ of |g(1)(τ, ξ)| from Fig. 4 (f):
(a) |g(1)(ξ)| at τ = 0 and (b) |g(1)(τ)| at ξ = 0.
est coherence time and radius are achieved. This
behaviour follows from the Fourier relation between
S(k, ω) and G(1)(ξ, τ): the larger the ring-shaped
spectrum, the shorter the coherence time and radius.
In the case of the shortest coherence time and radius,
as in panel (f) of Fig. 4, the finite resolution of the
measurement of 1 fs and 6µm reduced the quality of
the distribution.
θ τc, exp τc, theory ξc, exp ξc, theory
19.87o 36± 2 fs 28 fs 67± 8µm 59µm
19.90o 19± 2 fs 22 fs 48± 12µm 46µm
19.94o 16± 2 fs 17 fs 38± 7µm 37µm
Table 1: Coherence times and radiuses of PDC mea-
sured and calculated for different crystal orientations
(θ) of the BBO crystal
Another feature noticeable in Fig. 4 is that the
rings surrounding the central peak get more and
more pronounced as the orientation gets further from
collinear degenerate and the ring-shaped spectra be-
come larger. Indeed, the height of the first ring is
about 0.22 for orientation 19.90o and 0.30 for ori-
entation 19.94o. This again demonstrates that the
coupling between temporal and spatial coherence oc-
curs due to the non-factorability of the frequency -
transverse wavevector spectrum.
In conclusion, we have demonstrated the mea-
surement of coupled spatiotemporal coherence, with
the simultaneous control over space and time vari-
ables. We applied this technique to the radiation
of high-gain parametric down-conversion in the neg-
ative GVD range, where the frequency-wavevector
spectra are ring-shaped. The obtained 2D distribu-
tions of the first-order correlation function demon-
strate strong coupling between temporal and spatial
degrees of freedom. Due to the large frequency and
angular bandwidth of the radiation, and especially
due to the absence of collinear frequency-degenerate
emission, it is possible to achieve very short time
and space coherence scales (on the order of femtosec-
onds and micrometers, respectively). The same ex-
perimental technique will be suitable for measuring
the second-order correlation function and therefore
implementing two-photon space-time nonlinear spec-
troscopy with PDC radiation.
We thank Denis Kopylov for the help in experi-
ment.
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